Lunge feeding by rorqual whales (Balaenopteridae) is associated with a high energetic cost that decreases diving capacity, thereby limiting access to dense prey patches at depth. Despite this cost, rorquals exhibit high rates of lipid deposition and extremely large maximum body size. To address this paradox, we integrated kinematic data from digital tags with unsteady hydrodynamic models to estimate the energy budget for lunges and foraging dives of blue whales (Balaenoptera musculus), the largest rorqual and living mammal. Our analysis suggests that, despite the large amount of mechanical work required to lunge feed, a large amount of prey and, therefore, energy is obtained during engulfment. Furthermore, we suggest that foraging efficiency for blue whales is significantly higher than for other marine mammals by nearly an order of magnitude, but only if lunges target extremely high densities of krill. The high predicted efficiency is attributed to the enhanced engulfment capacity, rapid filter rate and low mass-specific metabolic rate associated with large body size in blue whales. These results highlight the importance of high prey density, regardless of prey patch depth, for efficient bulk filter feeding in baleen whales and may explain some diel changes in foraging behavior in rorqual whales.
INTRODUCTION
Obligate suspension filter feeding occurs across many different lineages of marine vertebrates that demonstrate convergent specializations for processing vast quantities of small prey items from seawater (Sanderson and Wassersug, 1993) . This ability to bulk filter feed has been correlated with large body size or large population biomass, with examples of this phenomenon at the individual level including some of the largest known cetaceans and bony fishes (Alexander, 1998; Friedman et al., 2010) . The transfer of mass from prey to predator on such a scale suggests that bulk filter feeding is energetically efficient. Furthermore, this method allows filter feeders to exploit lower trophic levels of the food web, thereby reaping the benefits of greater biomass and energy (Werth, 2000) . Cetaceans provide an especially useful comparative context for illustrating this phenomenon: it is generally assumed that the larger average body size of baleen whales (Mysticeti) relative to toothed whales (Odontoceti) directly reflects the greater efficiency of bulk filtration compared to hunting single prey items (Williams, 2006) . This assumption, however, remains untested and the effects of body size and feeding mode on the energetics of foraging in cetaceans remain poorly understood.
The two largest living mysticetes, blue (Balaenoptera musculus) and fin whales (B. physalus), represent the largest living animals, reaching maximum lengths of ~30m and with a mass that well exceeds 100,000kg (Mackintosh and Wheeler, 1929) . The early ontogenetic stages of these large rorqual whales, particularly the prenatal and pre-weaning periods, are characterized by rapid growth that is fueled by the energetic investment from the mother (Lockyer, 2007) . The high rate of lipid deposition that occurs during summer feeding bouts not only facilitates fetal and neonatal growth, but it is also essential for fasting and long-distance migration between foraging and breeding grounds (Brodie, 1975) . Coupled with the metabolic consequences of a carnivorous and fully aquatic lifestyle (Williams et al., 2001) , these energetic requirements represent a significant foraging demand and require an efficient feeding mechanism.
Balaenopterids feed in bulk by intermittently engulfing large volumes of water that contain dense aggregations of plankton or nekton. This lunge feeding behavior occurs anywhere prey is particularly dense and abundant, from the sea surface (Friedlaender et al., 2009 ) to more than 500m in depth (Panigada et al., 1999) . During a single lunge, rorquals accelerate to high speed towards a prey patch (Friedlaender et al., 2009; Goldbogen et al., 2008; Goldbogen et al., 2006) and open their mouths wide to approximately 80deg (Brodie, 1993; Brodie, 2001) . The dynamic pressure generated by an open mouth at high speed causes the inflation of the buccal cavity (Goldbogen et al., 2007) , whereby the tongue inverts and forms a large portion of the capacious sac that envelopes the engulfed water mass (Lambertsen, 1983) . The enhanced capacity of the buccal cavity is also facilitated by a specialized blubber layer, the ventral groove blubber (VGB), which spans 50-60% of the whale's body length from the anterior of the snout to the umbilicus . The VGB is an accordion-like blubber layer that is compact and held against the body during steady swimming, conforming to the highly streamlined body profile that is representative of rorquals (Williamson, 1972) . Upon death, the VGB unfolds with the loss underlying muscle tone (Goldbogen, 2010) , and, in some cases of advanced decomposition, it will expand as the cavum ventrale (an intermuscular cleft between the VGB and the body wall) inflates with pressurized gas. The mechanical properties of the VGB confirm this highly elastic tissue property, demonstrating reversible extensibility up to several times its post-mortem resting length (Orton and Brodie, 1987) .
Based on these mechanical properties and a simple hydrostatic model representing the buccal cavity as a thin-walled cylinder, previous researchers have suggested an entirely passive engulfment process whereby the compliance of the buccal cavity is met with little resistance to oncoming flow (Lambertsen, 1983; Orton and Brodie, 1987) . However, unsteady hydrodynamic models suggest that the inflation of the buccal cavity is resisted by eccentric contraction of the muscles that adjoin tightly to the VGB (Potvin et al., 2009) . Under this scenario, the engulfed water is gradually accelerated forward by virtue of action-reaction (Potvin et al., 2009) , and a forward 'push' of the engulfed water mass gives rise to a novel source of hydrodynamic drag from inside the mouth (engulfment drag), in addition to the drag generated from flow around the body (shape drag). The combined drag acting on the whale's body rapidly dissipates its kinetic energy, bringing the lunging whale to a near halt. After mouth closure, the buccal cavity is depressed and the engulfed water is filtered through the baleen racks, thereby leaving captured prey inside the mouth. During this purging phase, rorquals exhibit relatively low speeds and generally adopt a gliding locomotor strategy, as the engulfed water is filtered at a rate of several cubic meters per second (Goldbogen et al., 2007) . When the engulfed water is completely filtered, the subsequent lunge requires acceleration from a much lower initial speed.
Because of the high drag required for engulfment and the acceleration of the engulfed water mass, lunge feeding is thought to incur a high energetic cost (Goldbogen et al., 2007; Potvin et al., 2009) . This cost has a significant impact on rorqual foraging ecology by limiting their diving capacity (Acevedo-Gutierrez et al., 2002; Croll et al., 2001 ) and, therefore, restricting access to prey in both space and time. Despite this cost, however, it is hypothesized that lunge feeding is energetically efficient because the large volume of water that is engulfed provides a large amount of ingested prey (Goldbogen et al., 2007; Potvin et al., 2009) . Although the basic mechanics of lunge feeding are relatively well understood, reconciling the aforementioned contrasting hypotheses requires investigation of the detailed energetics of rorqual feeding. Here we present a kinematic analysis of blue whale lunge feeding based on data obtained from high-resolution acoustic tags. These data were then incorporated into previously published hydrodynamic models of engulfment in order to gain more insight into the energetics of lunge-feeding rorquals.
MATERIALS AND METHODS

Tag data
We deployed suction cup archival data loggers (Bioacoustic probe, Greenridge Sciences, Goleta, CA, USA) to the backs of surfacing blue whales (B. musculus Linnaeus 1758) off the coast of California and Mexico, in the eastern North Pacific Ocean. Sensors within the tag included a pressure transducer, a two-axis accelerometer and a hydrophone. The pressure and accelerometer data were sampled at 1Hz whereas the hydrophone sampled at 1025Hz. The data recorded by the tag allowed us to determine dive depth, swimming speed, body orientation (i.e. body pitch) and bouts of active swimming strokes (Goldbogen et al., 2008; Goldbogen et al., 2006) . We used high and low pass filters at 0.1Hz to separate out high (i.e. swimming strokes) and low frequency (i.e. depth, body pitch) signals, respectively. We used the flow noise method, where the tag was towed in water at known speeds to determine the relationship between the flow noise recorded by the tag and the ambient flow speed. This relationship was then used to estimate the speed of the whale from the level of flow noise detected by the tag. In some instances, such as very steep lunges, we were able to compare the speed calculated from flow noise to the speed estimated from the kinematics of the body (vertical velocity divided by the sine of the body pitch angle). The speed profiles were primarily used in hydrodynamic modeling (see below), but we also used these data to determine the time spent during pre-engulfment acceleration and the time required to filter the engulfed mass (the time between consecutive lunges at depth). Speed profiles for each lunge were superimposed on top of one another and synchronized with respect to maximum speed for comparison. These data were amassed within each tagged whale and then averaged across all individuals to determine the variance in lunge speed.
Morphological data
To estimate engulfment volume and energetic expenditures during lunge feeding, we collected morphological information specific to the engulfment apparatus. These data were derived mainly from linear measurements of the skull and with associated mandibles. We obtained these morphometric data from blue whale specimens reposited at the National Museum of Natural History in Washington, DC (USNM 124326), the Santa Barbara Natural History Museum (SBNH 2447), the Los Angeles County Museum (LACM 72562) and the Long Marine Laboratory at the University of California, Santa Cruz (LML GOGA 1982) . Other morphological measurements, including the length of the ventral groove system, body girth, body mass and other dimensions of the engulfment apparatus, were obtained from previous studies Lockyer, 1976; Mackintosh and Wheeler, 1929) . All morphological variables were recorded as a function of total body length, from the tip of the snout to the notch of the flukes, in order to parameterize the hydrodynamic and bioenergetic models for different sizes of blue whales.
Energy expenditure and engulfment volume during lunge feeding
We estimated the energetic cost of lunge feeding using an unsteady hydrodynamic model (Potvin et al., 2009; Potvin et al., 2010) , which predicts the trajectory of both the lunging whale and the engulfed water mass (Appendices 1 and 2). Speed profiles predicted by the model were compared to the empirical speed data from the tags in order obtain the most realistic lunge-feeding simulations. The model incorporated kinematic data from the digital tags and morphological data of the engulfment apparatus to simulate the forces at play during a lunge. The magnitude and duration of these forces allowed us to calculate the mechanical energy required for engulfment. The mechanical energy required for the acceleration phase prior to engulfment was assumed to be approximately twothirds of the mechanical energy expended during engulfment (Potvin et al., 2009) . For all calculations in this study, mechanical energy was converted to metabolic energy using an efficiency of 0.25 (Ahlborn, 2004; Fish and Rohr, 1999 ) and a propulsive efficiency of 0.90 (Bose and Lien, 1989) , as illustrated in the calculation example shown in Fig. A1 . Specifically, metabolic efficiency here represents a 75% bulk loss owing to a variety of factors (i.e. muscle efficiency). Propulsive efficiency assumes a 10% loss of energy when producing thrust. Collectively, we assumed an 85% loss, or a combined efficiency of 0.15. These values are unknown in cetaceans, so we chose 0.15 as a conservative estimate. Maximum engulfment capacity and, therefore, the magnitude of the engulfed mass were estimated from the dimensions of the skull, mandibles and ventral groove system Goldbogen et al., 2007) . Trajectory simulations of active engulfment, where the engulfed water mass is slowly accelerated forward over the course of the lunge, were modified to match the speed profile generated by the digital tag data (Potvin et al., 2009) . Successful simulations required that the magnitude of the engulfed mass was maximized at the moment of mouth closure. The gape angle dynamics predicted by the model were corroborated by kinematic data obtained from helicopter video of lunge feeding in blue whales at the sea surface (N5; courtesy of Earl Richmond at Richmond Productions). We ran a total of 20 engulfment simulations for three different blue whale sizes: 22, 25 and 27m in length. Lunges were simulated at different maximum speeds and different drag coefficients (Potvin et al., 2009) to assess the overall sensitivity of the model to input parameters (note: the engulfment simulations were also compared with simple but well-motivated 'veracity' checks, as described in Appendix 1).
Energy expenditure during diving
The energetic costs of diving were assumed to be equal to field (or active) metabolic rate (FMR or AMR, respectively). We used a mean estimated from three independent allometric metabolic rate models (Croll et al., 2006) to account for all maintenance (i.e. heat increment of feeding) and swimming costs (related to steady-state drag) that occur during diving (including purging and filtering of engulfed water in between lunges), as well as during surface recovery time between foraging dives (see example in Fig. A1 ). The allometric equations given by Croll et al. (Croll et al., 2006) are as follows:
where W is watts and M body is mass in kg. Although the power required for different phases of a dive are likely to change, it has been shown that the metabolic savings that occur during passive gliding on descent are generally proportional to the additional energetic costs of active swimming during ascent (Fahlman et al., 2008b) .
This approximation of energy expenditure probably overestimates energy use during descent, which generally consists of energy-saving gliding to depth (Williams et al., 2000) . By contrast, the ascent phase of a foraging dive typically requires steady swimming against negative buoyancy (Goldbogen et al., 2008; Goldbogen et al., 2006) . Buoyancy will vary with body condition (i.e. fat stores) and the degree of lung collapse with depth, but here we assume that mean body density over the duration of the dive is essentially that of seawater. Because lung volume is relatively small in marine mammals (Snyder, 1983) , particularly so in large baleen whales [measuring approximately 2.9% of body volume (Scholander, 1940; Smith and Pace, 1971) ], the graded collapse of the lung with depth is not expected to increase energetic output above our active metabolic rate models (neutral buoyancy).
As a check, we calculated power output (using a combined efficiency of 0.15 to convert mechanical energy back to metabolic energy) during steady-state swimming at a mean speed determined from tag data. This cost was added to an estimate for maintenance costs generated from an allometric equation for basal metabolic rate (BMR) in large mammals (White et al., 2009) . We also calculated the total cost of transport, including maintenance costs, using an allometric equation (Williams, 1999) . Both power output estimates were 20-30% below values that we predict for AMR. For these reasons, we think that this is generally a conservative model, which errs on the side of overestimating locomotor costs. Thus, it is primarily intended to account for the costs of deeper and longer dives, where the cost is proportional to the time devoted to transit to and from the prey patches at depth rather than foraging.
Foraging effort: theoretical vs observed
Foraging effort was defined as the number of lunges executed per dive (lunge frequency). Lunge frequency was assumed to be an indicator of prey patch quality (Goldbogen et al., 2008) , thus the highest lunge frequencies observed among tagged whales should represent maximum foraging effort. Because dive time is limited, only a certain number of lunges are theoretically possible. For these reasons, we predicted the maximum number of lunges that were possible at a given depth for a given dive time. Maximum dive duration was determined by the tag data. Specifically, we used the dive duration from only those dives that involved the highest lunge frequencies (one dive considered per individual). The time required for descent and ascent to a given depth was determined by mean body pitch angles and speed of the body. Bottom time, or the time available to execute lunges at the bottom of a dive, was equal to the difference between dive duration and the time spent ascending and descending to depth. We divided bottom time by the time required to perform the lunge (pre-engulfment acceleration, engulfment per se), and also by the time needed to filter the engulfed water mass, in order to calculate the theoretical lunge frequency maxima as a function of depth. Note that this approach does not incorporate predictions from optimal foraging theory, but instead only considers the maximum energy gain for a single dive.
Foraging efficiency
Energetic costs estimated for diving, filtering and surface recovery time were added to the energy expenditure required for lunge feeding. The energetic efficiency of foraging (Williams and Yeates, 2004) was defined as the ratio of the energy gained from ingested krill divided by all energy expenditures associated with the foraging dive including recovery time (see Appendix 2). The model accounted for the energy loss in assimilation of food and standard values for krill energy density (Lockyer, 1981; Lockyer, 2007) . Because cetaceans exhibit elongated digestive tracks (Williams et al., 2001 ) that may be capable of microbial fermentation to enhance digestion efficiency (Herwig et al., 1984; Olsen et al., 2000) , we assumed that are no physiological limits with respect to gastrointestinal capacity (Rosen et al., 2007) . Furthermore, the extreme body size of blue whales suggests that they do not have to increase metabolic rate to maintain thermal balance (Lavigne et al., 1990; Ryg et al., 1993; Watts et al., 1993) , even in polar waters, thus we assumed that there are no additional costs associated with life in cold water.
To assess the efficiency of a single lunge (i.e. at the sea surface where no diving costs are involved) we implemented our energetic analysis independent of diving costs, but instead with respect to BMR predicted for large mammals (White et al., 2009 ). Accordingly, BMR was calculated using the allometric equation (Ahlborn, 2004) :
After accounting for energetic efficiency and all metabolic costs, a simple energy budget was used to estimate the number of lunges required for an average-sized blue whale to meet a daily energetic demand (sensu Goldbogen et al., 2007) as a function of prey density (see below). For example, prey biomass requirements for an average-sized blue whale (25m) was taken as the mean from six different energetic models: 1120±359kg krill individual -1 day -1 (Brodie, 1975; Croll et al., 2006) . Foraging behavior (dive depth and duration) and lunge-feeding effort (number of lunges per dive) were determined by tag data averaged across all individuals in this study.
Prey density
For a given prey (krill) density and engulfment volume, we calculated the amount of prey obtained per lunge. We first considered krill density values measured by bongo net plankton tows (0.15kgm -3 ) at whale foraging locations at depth (Croll et al., 2005) . This value probably represents a minimum estimate of krill density simply because krill can avoid nets using escape behavior (Hovenkamp, 1989) . For example Croll et al. towed a 0.5m 2 bongo net at a speed of approximately 1ms -1 (Croll et al., 2005) . By contrast, rorquals lunge at relatively higher speed (up to 5ms -1 ) with larger mouth apertures (>10m 2 ), so we allowed krill density to increase within the model by over an order of magnitude higher than the values generated from net tows. Such a range in krill density is consistent with measurements using active acoustics (Cotte and Simard, 2005; Simard and Lavoie, 1999) and transparent nets (Brodie, 1978; Nicol, 1986) , and this range is conservative with respect to the very high estimates from photographs (Dolphin, 1987; Hamner, 1984; Hamner et al., 1983; Nicol, 1986) .
During the day, krill patches have been typically observed as dense and deep in order to avoid predation; at night, krill may disperse to facilitate feeding on phytoplankton located closer to the sea surface (Hewitt and Demer, 2000) . Although this general trend may be biased because of acoustic methodology and the change in krill body orientation during the migration (Demer and Hewitt, 1995; Simard and Sourisseau, 2009) , there is evidence that satiated krill begin to swim downward just after the initial upward migration towards the surface (Sourisseau et al., 2008) , thereby decreasing overall density at the sea surface. Therefore, we explored two potential scenarios related to prey density: (1) krill density remains constant at all depths where lunges occurred, and (2) krill density decreases linearly with decreasing depth.
Results are presented as means ± s.d.
RESULTS
Kinematics of diving and lunge feeding
We successfully deployed tags on 265 blue whales and recorded data for at least one foraging dive for each individual (Table1). We subsequently analyzed a total of 200 foraging dives, including 654 lunges at depth. Several whales exhibited continuous foraging effort, executing a rapid sequence of deep foraging dives (Fig.1 ). Dive duration ranged from 3.1-15.2min, but overall it was relatively consistent at 9.8±1.8min. Similarly, maximum dive depth ranged widely from 52-315m, but on average was 201±52m. Surface recovery time between foraging dives varied from a single breath (16 s) to 6.7min. However, across individuals, surface time was 2.7±1.1min, during which a mean of 10±3 breaths were taken.
In general, the kinematics of diving in blue whales was similar to that of other rorqual whales. A characteristic foraging dive consisted of a gliding descent, multiple lunges at depth and an ascent powered by steady swimming. The proportion of time gliding during descent was 40±12%; however, in some cases either no gliding was evident at all or the whale was gliding for up to 95% of the descent. Blue whales generally adopted the same mean body angle during descent (-38±10deg) and ascent (42±11deg), although much steeper angles were sometimes observed (ranging from -65 to 66deg), particularly during an ascent after a high number of lunges were executed. Whale speed during descent (2.6±0.5ms -1 ) was significantly higher than during ascent (1.6±0.5ms -1 ; P<0.01, N168), which we attributed to the negative buoyancy of the body associated with lung collapse under hydrostatic pressure.
The bottom phase of foraging dives averaged 5.7±1.5min in duration (range: 1.3-11.7min). Whales performed a mean of 3.5±1.1 lunges per dive (range: 1-6 lunges per dive). Kinematic data for a representative foraging dive are shown in Fig.2 . During a lunge, the speed of the body rapidly increased, powered by a bout of swimming strokes. The body angle at the moment of maximum velocity ranged from -12 to 80deg, with a mean of 36±19deg. During some foraging dives, there was a lunge at the very end of the descent phase that thus occurred at a significantly lower body angle. These lunges, on average, occurred when the body was horizontal (-5±7deg), but in some instances they occurred at very steep (negative) body angles as low as -61deg.
The number of lunges per dive (lunge frequency) was relatively constant at different depths (Fig.3) ; there was no significant correlation between maximum dive depth and lunge frequency (P0.299) or bottom time (P0.254). Also, dive duration was not significantly correlated with dive depth (P0.143). In theory, the number of lunges should have increased with decreasing depth because more time could be used foraging rather than traveling to and from the prey patch at depth (see dashed line in Fig.3B ). Furthermore, more dive time should theoretically be available at shallower depths because of the locomotor costs associated with diving deeper (see dashed line in Fig.3A ).
Maximum lunge speed was 3.7±0.4ms -1 across all individuals. The full range in lunge speed, from 2.1 to 5.0ms -1 , is depicted in Fig.4 . These speed profiles served as a guide for our hydrodynamic analyses and trajectory simulations during lunges. Each lunge record is illustrated by a light gray line and the average speed profile for each whale is shown by a blue line; the overall mean across all individuals is shown by the thick black line (Fig.4 ). All simulations of engulfment, including variation in body size and drag coefficient, were superimposed on top of these speed profiles. In general, the model predictions provided a good match to the speed profiles generated from the tag data (Fig.5 ).
Drag, work and power output during engulfment
We assessed the variance of drag, work and power output over a large range of blue whale body sizes, from 22 to 27m in body length, with 20 lunge-feeding simulations (Appendix 1). Our hydrodynamic analyses suggest that total peak drag during engulfment ranged from 58±11kN to 116±26kN for the smallest and largest blue whales considered, respectively. Mass-specific values for total peak drag were generally independent of body size at approximately 1Nkg -1 . Total work against drag during engulfment per se ranged from 290±40 to 730±160kJ, whereas mass-specific values ranged from 4.8±0.7 to 6.0±1.3Jkg -1
. Power output during engulfment varied . Note that these values for work and power are purely mechanical costs, and do not account for the efficiency (using a combined efficiency of 0.15) of converting mechanical energy into metabolic energy. Thus, the total metabolic energy and power expended as a result of drag ranged from 31.7±4.7 to 39.7±8.8Jkg -1 and 5.2±1.2 to 5.5±1.8Wkg -1 , respectively.
An example of a lunge-feeding simulation for a 25m blue whale is shown in Fig.5 . We only used simulations for bioenergetic analyses that could reproduce the trajectory of the whale's body during the lunge (dashed line), as determined by digital tag data (circles with error bars that correspond to ±1 s.d.; Fig.5A ). The simulation tracked the expansion of the buccal cavity and, therefore, the magnitude of the engulfed water mass [posterior to the temporomandibular joint (TMJ)] was known at any point in time (gray line). Each lunge consisted of a typical two-phase engulfment sequence ( Fig.5B ): mouth opening, followed by mouth closure, both of which were equal in duration (Goldbogen et al., 2007) . The mouth opening phase (0<t<3.3s, where t is time) was coupled to the forward push of engulfed water, whereby the musculature within the VGB system undergoes eccentric contraction to resist inflation of the buccal cavity (Potvin et al., 2009) . This push generates a novel source of drag (engulfment drag) that increases in concert with both the speed and magnitude of the engulfed water mass (Fig.5C) . The active shove of engulfed water was nonexistent during mouth closure (3.3<t<6.6s) and, therefore, was dominated solely by shape drag, which represents the drag generated from flow around the body (this issue is further discussed in Appendix 1).
Energetic efficiency
After accounting for the efficiency of converting metabolic energy into mechanical energy, the total energetic cost of a single lunge, including pre-engulfment acceleration, ranged from 3226 to 8071kJ (Table2). Energy loss attributed to both BMR expenditure during the lunge (~20s) and the time required to filter the engulfed mass (~55s) varied from 1169 to 1966kJ, as determined by Eqn 4. In general, the cost of a lunge was approximately four times BMR (for the duration of the lunging and filtering phases). Costs of both lunging and filtering were dwarfed by the energy gained from captured krill, ranging from 34,776kJ at the lowest prey density considered (0.15kgm -3 ) to 1,912,680kJ at the highest density (4.5kgm -3
). Thus, the energetic efficiency of a single lunge ranged from 6.5 to 237, depending on the density of krill.
After accounting for diving costs, the energetic efficiency of a typical deep foraging dive, which involved a mean of 3.5 lunges per dive (Table3), was substantially lower compared with that of a single lunge (Table2). At any prey density considered, the efficiency of the dive was approximately 2.5 times lower than that of a single lunge. This effect was attributed to the increased cost of transit relative to the energy gained from multiple lunges at depth. Foraging efficiency increased with krill density and was generally still high, up to 90, at the highest observed krill density considered in the model. If prey density remained constant within the model, we predicted that foraging efficiency should increase with decreasing depth because, in theory, more lunges should be possible at shallower depths (Fig.6A) . However, when the model was parameterized with tag data, efficiency was relatively constant because shallower dives still exhibited the same number of lunges as deeper dives (Fig.3) . By contrast, if prey density was allowed to increase with depth, theory predicted a steady decrease in efficiency when foraging at shallower krill patches (Fig.6B) . The same pattern was found when the model was parameterized with tag data, owing to the strong dependence of feeding efficiency on prey patch density. Under both prey density scenarios, the model output with tag data was always lower than theoretical model results. This result probably occurred because theory did not account for time spent searching for prey patches during the bottom phase of the dive.
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We extrapolated our analysis for longer time scales to determine how many lunges were needed, as a function of krill density, to meet a daily energetic demand (Fig.7 ). The model response shows an exponential decrease in foraging effort with increasing krill density. For a typical deep foraging dive of 9.8min, including a mean of 2.7min in surface time, the amount of foraging time required to execute the predicted number of lunges was also determined. For example, we predicted that approximately 40 lunges, or 2.5h of foraging time, was required at a krill density of 0.5kgm -3 . Our analysis also predicted a critical density, 0.1kgm -3 (dashed line in Fig.7 ), below which a blue whale will be unable to meet energetic demands even during continuous deep-diving foraging effort.
DISCUSSION Foraging costs and energetic efficiency
The efficiency at which animals obtain and use energy has a significant impact on reproductive fitness, life history and ecosystem function (Boyd, 2002) . A general characteristic of baleen whale life history is the annual migration between feeding areas in highly productive areas at high latitudes and breeding grounds at lower latitudes (Clapham, 2001; Corkeron and Connor, 1999; Rasmussen et al., 2007) . The extended periods of time spent in oligotrophic waters with limited prey suggest that migrating cetaceans must rely heavily on the energy stored within the blubber layer (Brodie, 1975) . This lipid cache is built up during intensive feeding bouts in the summer months (see Fig.1 ) and has been demonstrably correlated with increases in food availability and reproductive success (Lockyer, 1986 ). Because energy use and gain occurs at such large temporal and spatial scales, baleen whales are predicted to have efficient feeding mechanisms that maximize net energy gain Goldbogen et al., 2007) .
Our analysis suggests that the efficiency of a single lunge in blue whales (i.e. at the sea surface, thus no diving costs were considered), defined as the ratio of energy acquired from ingested prey to energy expended during lunge feeding, can have very high values if prey density is also high. A single blue whale lunge had an efficiency of approximately 7 at low krill densities and over 200 at higher densities (Table2). We attribute this differential efficiency to the high energy gain from ingested krill relative to the relatively low energy expenditures from drag and BMR. Our calculations demonstrate that the energy required to overcome drag and accelerate the engulfed water mass was approximately twice that of maintenance costs predicted from BMR during the time period of the lunge (including the filtering phase). Although this finding supports the general hypothesis of high feeding costs in rorquals, this difference in blue whales was not as high as expected considering the high drag that is associated with the lunge-feeding mechanism (Potvin et al., 2009 ). During a lunge, drag reaches extremely high values, up to several times the drag experienced during steady-state swimming. However, metabolic rate may have been overestimated because: (1) BMR was extrapolated from values obtained from smaller mammals (White et al., 2009) , and (2) approximately 27% of blue whale body mass consists of blubber (Lockyer, 1976) , which has a much lower metabolic rate than other tissue types (Brodie, 1975) . Even if our estimates of BMR are accurate, the drag during a lunge is sustained for only several seconds (Fig.5C) , thereby minimizing energy loss despite the mouth being agape at high speed. Furthermore, most of the body's kinetic energy that is used to power the lunge is built up during the pre-engulfment acceleration phase (Figs2 and 4) , which should involve much lower drag and thus lower energy expenditure.
After the costs of diving were taken into account, the overall energetic efficiency of blue whale lunge feeding was lower, ranging from approximately 3 to 90 (Table3). However, at the highest observed prey densities (4.5kgm -3
), the efficiency of blue whale foraging dives (90±2) was nearly an order of magnitude higher than other marine mammals. These values ranged from 3.8 in sea otters (Enhydra lutra) to 10.2 in Weddell seals (Leptonychotes weddellii) (Williams and Yeates, 2004) . The driving factor behind the high efficiency of blue whale lunge feeding was krill density (Tables 2  and 3 ; Fig.6B ). It is possible that lunge-feeding efficiency could be even higher if denser patches of krill can be exploited. Some estimates of krill density from photographs generate extremely high values of 30,000individualsm -3 for Euphausia superba (Hamner, 1984; Hamner et al., 1983) , 50,000individualsm -3 for Thysanoessa raschii (Dolphin, 1987) and 770,000individualsm -3 for Meganyctiphanes norvegica (Nicol, 1986) . These density estimates exceed the highest value considered in this study by several orders of magnitude, and thus we suspect that foraging efficiency could reach values exceeding 1000 if these types of patches can be successfully located and engulfed.
The cost of lunge feeding per se accounted for 38-57% of the total cost of a foraging dive (Table3), which was higher than the estimate (10-36%) found for sustained foraging sprints during deep dives in short-finned pilot whales (Globicephala macrorhynchus) (Soto et al., 2008) . The cost of blue whale lunge feeding compared with the cost of diving was still lower than expected, considering the brevity of their foraging dives with respect to their body size. Previous researchers calculated a theoretical aerobic dive limit (TADL) of 31.2min for blue whales (Croll et al., 2001 ), but foraging dive durations are consistently less than half the predicted TADL (Table1). Thus, we expected a priori that blue whale lunge-feeding costs would be at least equal to the cost of diving. One explanation is that we may have overestimated the cost of diving using AMR, which was 2 to 3 times above basal metabolic rate. Note that AMR was applied to the entire duration of the dive, including time spent gliding during descent and the filter phase between lunges at depth, during which swimming activity was kept to a minimum. Gliding is a hallmark of the energy-conserving behavioral repertoire for diving marine mammals (Williams et al., 2000) . This locomotor strategy, coupled with a low cost of transport (Williams, 1999) and diving bradycardia , suggests that our use of AMR may overestimate diving costs for the majority of the dive (Fahlman et al., 2008a) . Thus, by underestimating prey density and overestimating diving costs, our calculations of foraging efficiency may represent conservative (i.e. minimum) values.
Unlike rorquals, foraging costs in some marine mammals can be measured directly from oxygen consumption during post-dive recovery periods at the sea surface. This technique, combined with video-data logging, has shown that the cost of foraging increases linearly with the number of strokes performed during the dive in Weddell seals . As with running terrestrial animals, this mass-specific cost per stroke was invariant with body size in phocid seals . Theoretically, not all strokes can be considered equal (i.e. strokes used for steady swimming versus acceleration) and, in rorquals, some of these strokes occur when the body is being accelerated up to lunging speed or during the deceleration phase of the lunge when the whale performs work to overcome high drag and to accelerate the engulfed water mass (Fig.2) . If blue whales require approximately 6 strokes to execute a lunge (Fig.2) , the cost of a lunge is estimated at 10.2±1.2Jkg ), it is well within an order of magnitude. Thus, despite the very high drag associated with lunge feeding, the energetic cost per stroke is not that great relative to body size. We attribute such a low mass-specific cost per stroke to J. A. Goldbogen and others ). An underappreciated 'cost' associated with lunge feeding is the time that must be devoted to filtering the engulfed water mass, which constitutes approximately one-third of a typical foraging dive. Filter time is determined by the magnitude of the engulfed water volume, the speed at which water is filtered past the baleen and the effective area of the baleen. Assuming that baleen functions as a cross-flow filter that processes water at speeds less than 1ms -1 (Goldbogen et al., 2007) , the prime determinant of filter time is the ratio of engulfed water volume to baleen area. The magnitude of the engulfed water mass (M w ) increases allometrically (M w ϰL 3.5 body ) because of the positively allometry of the engulfment apparatus (skull, mandibles and buccal cavity) relative to the rest of the body . Baleen area is expected to be proportional to mouth area (A mouth ), which also scales allometrically (A mouth ϰL 2.4 body ), but not as steeply as engulfment capacity. Therefore, larger rorquals must filter relatively more engulfed water with proportionally less baleen area, which yields longer filter times in between consecutive lunges at depth. Accordingly, the mean filter time for blue whales in this study was 55±10s, which is significantly higher than values for fin whales (Goldbogen et al., 2006) and humpback whales (Megaptera novaeangliae) (Goldbogen et al., 2008) . However, it is still possible that rorquals of different sizes achieve the same overall volumetric filter rate if the putative fractal design of the baleen filter (i.e. its effective filtering area) exhibits positive allometry relative to the size of the skull (Alexander, 1998) .
Theoretical versus observed foraging behavior
We hypothesized that the number of lunges per dive (lunge frequency) should increase with decreasing dive depth if blue whales were to maximize prey capture for a single dive. Theoretically, more time can be devoted to lunge feeding at shallower depths because: (1) less time is spent in transit to and from the prey patch, and (2) diving costs should be lower. However, we found that lunge frequency was the same regardless of dive depth (Fig.3B) . It is thought that lunge frequency may be an indication of prey patch quality (i.e. prey density) because lunge frequency was positively correlated with ascent and descent body angles (Goldbogen et al., 2008) . To fully exploit high-quality prey patches, rorquals should exhibit high lunge frequencies at depth and return to the surface at steep body angles to minimize transit time. When poor prey patches are encountered at depth, the dive will be terminated, resulting in lower lunge frequencies that are then followed by shallow body angles on ascent. By adopting shallow dive angles, animals can All calculations correspond to foraging dives that average 200 m deep and a lunge frequency of 3.5 lunges per dive; dive duration was 9.8 min followed by a surface recovery period of 2.7 min, as determined from tag data (Table 1 ). Gross energy gain represents the energy density of krill after accounting for assimilation efficiency. The energetic cost of diving represents all costs that are not associated with lunge feeding per se, except for the filter phase between lunges. Efficiency is the ratio of gross energy gain to the total energy loss in a dive. *Data in this row used in Fig. A1 .
maximize the horizontal area covered and increase the chance of locating a higher quality prey patch (Sato et al., 2004) . For these reasons, we attributed the lunge frequency patterns we observed (Fig.3B) to a general decrease in prey density with decreasing depth. One alternative explanation is that prey patches are further apart in space, which would result in more transit time between consecutive lunges at depth, thereby allowing less time available for lunges. However, we also found that dive duration was not correlated with dive depth (Fig.3A) . This finding suggests that blue whales did indeed terminate dives before oxygen stores were fully exhausted because, in theory, shallower dives could be longer in duration. Furthermore, we found a positive correlation between mean lunge frequency and mean ascent body angle across individuals (r0.537, P0.00695, N173), which supports the hypothesis that the number of lunges per dive is an indication of prey patch quality. Blue whales may also choose not to perform long dives at shallower depths because they could instead return to the surface to breath during the filter phase after each lunge (Ware et al., 2010) . Such a strategy effectively decreases post-dive surface time, by only needing to breathe once or twice in between each lunge, and thus facilitates relatively continuous foraging near the sea surface. Under this scenario, the number of lunges per dive will progressively decrease with decreasing depth (Ware et al., 2010) , which is contrary to the prediction presented here on the basis of maximizing prey capture for just a single deep foraging dive.
If krill density decreased with decreasing depth, it may be related to the diel vertical migration of krill. A general observation is that daytime krill patches at depth are dense, but at night they migrate toward the sea surface and disperse to feed (Hewitt and Demer, 2000) . Researchers have been unable to definitively assess density changes of krill patches during the vertical migration because of the differential day-night bias of both acoustic and net tow sampling techniques (Simard and Sourisseau, 2009) . Nevertheless, there is evidence that krill return to depth once they are satiated (Sourisseau et al., 2008) , which should decrease the overall nighttime density at the sea surface. A recent study has shown, however, that when dense krill patches are sustained at the sea surface, humpback whales will continue to feed into the night (Ware et al., 2010) .
All of our deployments that remained attached into the night showed a concomitant decrease in dive depth and lunge frequency near dusk, followed by a behavioral switch to resting behavior at the sea surface (<50m depth). These results are supported by previous tag studies that also show this marked transition in foraging behavior associated with dusk in both blue whales Croll et al., 1998; Fiedler et al., 1998; Oleson et al., 2007) and fin whales (Panigada et al., 2003) . Simultaneous tracking of tagged blue whales and krill aggregations at depth demonstrate that blue whales follow their diel migration and continue feeding until the scattering layer reaches the sea surface at night [see fig.6 in Fiedler et al. (Fiedler et al., 1998) After accounting for the costs of diving and lunge feeding (Tables 2,  3) , the model predicted the number of lunges required to meet standard energetic demands for a 24h period (left axis). Assuming continuous feeding to an average depth and duration (followed by surface recovery time), as determined by tag data (Table1), we calculated the amount of foraging time that is required to meet this daily energetic requirement of approximately 1000kg of krill. These estimates are represented by the curved, colored lines for blue whales of three different sizes (22, 25 and 27m ) at which a blue whale will start to loss body mass, even if foraging is continuous over the course of the 24h period.
foraging behavior at night is related to a foraging threshold that is related to a critical density in prey (Fig.7) . Below this critical density, the efficiency of lunge feeding is significantly decreased and a net loss of energy is predicted, even if the whale forages continuously.
An alternative explanation for this diel foraging pattern is that blue whales cannot feed at night because they fail to visually locate krill without downwelling sunlight. However, there is limited evidence that humpback whales feed at night using putative echolocation (Stimpert et al., 2007) or tactile mechanisms (Friedlaender et al., 2009) . Crittercam deployments on blue whales show that daytime foraging dives often involve lunges at steep upward pitch angles [see fig.4 in Calambokidis et al. ; cf. Fig.2 ], where krill patches are backlit from downwelling sunlight . However, these authors also reported lunges that occurred at the end of the initial descent [see fig.5 in Calambokidis et al. ], which is similar to what we report here for 14 of 26 tagged blue whales (lunge type A, Table1). The decision to lunge on descent versus ascent (during the bottom phase of a dive) may be related to the location of the prey patch upon initial descent. We envision a scenario in which a diving whale that descends directly into the prey field would initiate a lunge upon the detection of a sufficient number of prey hits against sensory tubercles or vibrissae located on the snout (Ogawa and Shida, 1950; Slijper, 1979) . If a prey patch is detected visually before it is detected mechanically, the whale would have to maneuver and lunge into the prey field on ascent (Fig.2) . We suggest, therefore, that rorquals employ a variety of sensory modalities to locate and capture prey. Future research that combines three-dimensional analyses of both the prey field and lunge-feeding whales are required for a better understanding of how rorquals exploit prey patches at depth.
APPENDIX 1. BASIC LUNGE-FEEDING MODEL (BLFM) -
A SUMMARY The BLFM -version 2.0
The energetics of the engulfment phase are calculated by modeling the interaction between a whale's body and the mass it engulfs and its resulting impact on the motions of both bodies. We describe here an upgraded version of the BLFM originally proposed by Potvin et al. (Potvin et al., 2009) , in which the engulfment time scale and gape opening rates are now calculated functions rather than empirical inputs . Note that this current version does not include the modeling of the pre-engulfment and purging stages, even though they are part of a lunge.
The BLFM simulates the trajectories of both whale and (growing) engulfed mass as a head-on collision that occurs along a straightline trajectory. Such a trajectory may be horizontal or angled depending on the specifics of a lunge. The Newtonian equations of motion for each body are given by:
where  w is the density of seawater (1025kgm -3 ); M c and a c , and M w (t) and a w correspond to the mass and acceleration of an empty whale (cetacean) and engulfed water, respectively. These accelerations are defined from a c dV c /dt and a w dV w /dt, with the velocities V c (t) and V w (t) measured from a fixed reference frame. The forces applied on the whale and engulfed mass appear on the right-hand side of these equations. As previously illustrated [see fig.2 in Potvin et al. (Potvin et al., 2009 )], these forces include: (1) the muscle action (F BC ) applied along the buccal cavity wall against the engulfed mass, which by reaction gives rise to the engulfment drag (F ED ) component of the total drag sustained by the whale; (2) the fluking thrust (T), visualized here as pointing forward and parallel to the motion, whether horizontal or angled; (3) the external force (F ext ), consisting of the whale's weight, minus buoyancy, as projected along the axis of motion; (4) the so-called shape drag force (F SD ) corresponding to the flow moving around the body; and (5) the water-to-water drag force (F ww ), i.e. the 'push' of 'the rest of the ocean' against the exposed end of the engulfed water (mouth side). The specific values and functions used for these forces are described in the next section. Note that Eqn A1 does not include the effects of the lift generated by the body, fluke and flippers, as recently discussed (Cooper et al., 2008) .
The function M w (t) tracks the water accumulating in the buccal cavity as calculated via an integration over the flux of fluid entering the cavity:
Note that the second term on the left-hand side of Eqn A2 is made necessary by the fact that the engulfed mass loses momentum and energy to each new slug 'dM w ' entering the cavity during time increment dt [this term arises from a more fundamental definition of momentum change, d(V w M w )/dtM w dV w /dt+V w dM w /dt, where dM w /dt w A c (t)(V c -V w )].  is a proportionality constant whose meaning is discussed at the end of this section.
In both Eqns A1 and A3, the function A c (t) is the instantaneous (vertical) cross-section mouth area measured just below the TMJ [see fig.5 in Potvin et al. (Potvin et al., 2009)] . It is calculated as the surface area of a half-ellipse, which is a good approximation of the mandible and cavity shapes observed in the field :
The semi-minor and major radii of this elliptical area are defined by the half-width of the head (w head /2) and (axially) projected length of the (distended) jaw [0.98L jaw sin gape (t)], with  gape (t) corresponding to the gape angle (TableA1 lists representative values of these body dimensions). The species-specific '0.98' factor is needed to insure a good match with the value of A c (t) estimated from morphology for an 'average' 25m adult fin whale. Such a factor will be assumed to be independent of body length. In this version of the BLFM,  gape (t) is a known function further discussed in Potvin et al. .
Strictly speaking, Eqn A3 measures the mass engulfed post-TMJ only (i.e. M w M w post-TMJ ), as it uses the mouth cross-sectional area directly below the TMJ to measure the flux of fluid entering the cavity. Using M w post-TMJ is warranted during the mouth opening stage of engulfment because it is functionally identical to the total mass (Goldbogen et al., 2010) , which suggests that M w
where L 0 corresponds to the entire length of the VGB (from the anterior end of the mandible to the umbilicus) and L jaw is the length of the lateral projection of the jaw. Given the data in TableA1, this mass ratio equals ~50% for all three sizes, thus yielding an approximately 30% [(0.5/1.5)ϫ100] underestimate of the total mass captured by the end of mouth closure. From an energetics point of view, omitting the effects of the mass accumulating ant-TMJ yields an error of approximately 20% in the calculation the kinetic energy imparted to the engulfed mass. This is evident from the following (simplified) model where: (1) half of the mass accumulating post-TMJ has been accelerated from rest to speeds of approximately 3.68ms -1 during the first half of mouth opening (see tag data, Fig.5 ), whereas the other half has accelerated to an average speed of 3.0ms -1 during the second half of the mouth opening stage; and (2) , and in a context where T and F ext are much smaller than drag (see Forces relevant to engulfment), underestimating the energetics by 20% means that the total drag (F SD +F ED ) is also underestimated by approximately 20% (J.P., unpublished data).
As the last symbol of the fundamental equations (Eqns A1-A4), the parameter  is another improvement to the original BLFM and is used to yield the volume of the filled cavity post-TMJ that is predicted by morphology , by the time of maximum gape. Given the one-dimensional fluid dynamics invoked (Table 3) . Models from Croll et al. were used to estimate active metabolic rate (AMR) (Croll et al., 2006) . above, where each engulfed slug dM w passing below the TMJ never changes shape once inside the cavity (post-TMJ), Eqn A3 with 1 effectively yields the volumetric capacity of a 1/4-ellipsoidal wedge (i.e. a wedge with an elliptical cross-section) rather than that of a 1/4-three dimensional ellipsoid, which appears to better approximate the filled buccal cavities seen in the field.
A three-dimensional ellipsoid shape for the fully inflated buccal cavity is a direct consequence of the engulfed slugs of water changing shape after engulfment. This scenario implies that: (1) the fluid dynamics are three-dimensional (rather than just onedimensional), and (2) the buccal cavity is able to extend sufficiently to accommodate an ellipsoid shape. Setting >1 makes a onedimensional fluid dynamic scheme appear three-dimensional by effectively increasing the fluid's speed at the entry point into the cavity (i.e. at TMJ-level) to [V c (t)-V w (t)] (via Eqn A3). Concomitantly, the longitudinal expansion of the buccal cavity (post-TMJ) is modulated at a slower pace, i.e. as determined by a w and V w in Eqns A2 and A9 (below). Here, 4/3 given that the volumetric capacity of ellipsoids is greater than that of ellipsoidal wedges by a factor of four-thirds.
Forces relevant to engulfment Engulfment drag and buccal cavity wall force
The most important force acting on a lunge-feeding whale is the push exerted by the buccal cavity walls onto the engulfed mass (F BC ). By action-reaction, such a force gives rise to engulfment drag (i.e. F ED as F ED F BC ), which adds to the so-called shape drag (F SD ) being produced by the flow around the whale's body (external drag). Several possible forms for F BC were considered in Potvin et al. (Potvin et al., 2009) , including the elastic force provided by the VGB, a hydrodynamic force proportional to the stagnation pressure at the anterior end of the rostrum and the so-called forward shove (see below). As discussed elsewhere , VGB elastic forces appear to play only a minor role during lunges. Moreover, only the shove-type force was found to yield velocity temporal profiles that matched the tag data.
In the BLFM, the acceleration of the engulfed water mass (the forward push) is parameterized as follows:
The function F BC open (t) and (input) constant k open characterize the mouth-opening stage and F BC close and k close the mouth-closing stage. The basic distance scale for this force is set by the ratio A c /w head , calculated from Eqn A4, and the morphometrics of the body data (TableA1). By contrast, the time scale of the shove is set by the duration of the engulfment process itself, as calculated from :
Here  is a constant estimated at ~6/5 that is weakly dependent on body length . Using again the body dimension data of TableA1 yields 2(L 0 -L jaw )/L jaw 4.66±0.15. The value of 4.66 was used in the simulations for all three body dimensions. As a result, Eqn A8 yielded an engulfment time of 6.59s for the 25m whale simulation shown in Fig.5 , where V c (0)3.68ms -1 . The so-called reaction constants k open and k close directly determine how 'hard' the engulfed mass is being pushed forward: too hard of
a push and the mass exits the cavity as V c (t)<V w (t) (i.e. cavity draining); too weak of a push and the cavity post-TMJ fills up too soon, i.e. prior to maximum gape. The buccal cavity is completely filled when the engulfed water mass reaches the posterior end of the buccal cavity, an event occurring when:
where X c and X w are the distances traveled by points located at the TMJ and aft-end of the engulfed mass, respectively, and tЈ is time, used here as an integration variable. In between these two limits there is a continuum of values that generally yield partial or incomplete filling of the buccal cavity relative to the maximum capacity predicted by morphology. During the mouth opening stage, only the lower value of the range for k open yields the maximum volumetric capacity (post-TMJ) that is limited by morphology , the muscle within the VGB must relax somewhat to allow the closing of the mouth following maximum gape, an action that must substantially diminish the forward push of the engulfed mass. For this reason, our simulations were carried out with k close 0.
Shape drag
The drag associated with the changing shape of a lunge-feeding whale and the external flows that result can be parameterized by this general formula:
The function C(t)S(t) corresponds to the instant drag area of the shape generating the drag. This time-dependent function has dimensions of surface area and represents the combined effects of the accelerating and decelerating external flows taking place around the whale (i.e. the so-called added mass), as well as the effects of wake growth and wake turbulence that are generated during the lunge (Potvin et al., 2009 ). Here one uses:
The parameter A body is the (known) cross-section of the body in a closed-mouth, empty-cavity configuration (Goldbogen et al., 2009b) , here equal to 10m 2 in the case of the 25m blue whale (TableA1); C Dbody is the corresponding drag coefficient, set to 0.05 from a previous hydrodynamic study on fin whale locomotion (Bose and Lien, 1989) [note: these authors quote C Dbody 0.0026, which is based instead on a 131m 2 total body surface area of a fin whale, rather than its cross-section (7 m 2 )]. The known instantaneous mouth area A c (t) (Eqn A4) and maximum mouth area A c max (Eqn A4, with  gape gape 80deg) were assigned the following drag coefficients: C Dopen ≈0.33 and C Dclose ≈1.2 to 2.0. These variations in the drag function C(t) between the mouthopening and mouth-closing stages have a very coarse time dependence, but one that reflects an overall increase in drag
coefficient owing to the unsteady nature of the flow outside and right behind the buccal cavity.
Fluking thrust and buoyancy-reduced weight
Calculating the relevant values for fluking thrust (T) and buoyancyreduced weight (F ext ) during engulfment is a tentative exercise given that these forces have never been experimentally quantified to an extent that is useful for simulation studies. However, this may be a moot point because the estimates that follow indicate that T and F ext may be very small relative to engulfment drag (F ED ), and furthermore, that they could cancel each other by virtue of having similar magnitude. Accordingly, the sum T+F ext in Eqn A1 was set to zero in the simulations. The buoyancy-reduced weight, defined as F ext (F B -W c )sin glide , with F B , W c and  glide corresponding to a whale's buoyancy, weight and glide angle during descent, respectively, can be estimated from the drag properties of the body during the constant-speed phase of a gliding descent to the bottom (Goldbogen et al., 2006) . At terminal velocity near the end of a descent (a state of dynamic equilibrium), one has (F B -W c )sin glide F SD in the absence of any significant fluking thrust (of which there is none according to the tag data). Fluking thrust during engulfment (T E ) will be estimated as a fraction of the thrust generated during the 'uphill' portion of the pre-engulfment phase (T PE ) (Fig.2) , where the whale accelerates towards the krill patch from below for approximately 3s. Estimating T PE will be carried out with the integral version of Newton's law of motion, also known as the momentum-impulse (MI) theorem (French, 1971) . Along the uphill and straight trajectory assumed to be taken here, the MI theorem results in the time-averaged forces being given by the following:
Thus, from Eqn A10 with C(t)S(t)C
where t uphill is the duration of that portion of the pre-engulfment phase. With t uphill ≈3s, DV c ≈3.7-2.0ms -1 (Fig.2) , M c 96,568kg (Table2, 25m whale) and F SD ≈F ext ≈4100N (previous paragraph), one obtains T PE ≈54,722+8200N62,922N. Relating the value of T E to that of T PE follows from the ratio of peak fluking acceleration a E fluke /a PE fluke shown in Fig.2 , which generally varies between 0.2/2.0 and 0.5/2.0 in the three lunges shown in Fig.2 . To the extent that the (tangential) acceleration of the flukes reflects that of the fluid being pushed rearward, and that the fluid mass being pushed by the flukes is similar during both engulfment and pre-engulfment, one would expect the ratio T E /T PE to have similar values, within one order of magnitude. Thus, we predict T E to be in the range of 6292 to 15,731N, which is significantly smaller than the peak engulfment drag being generated (F ED peak >50kN).
Water-to-water drag
The last force of relevance to the BLFM is the hydrodynamic force F ww applied on the engulfed slugs in the process of re-exiting the mouth during mouth closure (F ww 0 during mouth opening). These forces arise from the interaction of those slugs with the rest of the ocean that surrounds the whale. The BLFM represents this interaction with the drag equation (Eqn A10), where C(t)S(t)0.1A c (t) when V c (t)>V w (t) and C(t)S(t)0 when V c (t)≤V w (t). This is a rather crude approach to a complicated hydrodynamic phenomenon. An improved representation for F ww , as implemented along with an explicit accounting of the mass captured anteriorily to the TMJ, is currently being developed and tested.
Input parameters
Our simulations were obtained from the numerical integration of the equations of motion using the simple Euler-Cromer algorithm (Gould and Tobochnik, 1996) . Although usually unsuitable for most multi-temporal scale simulations, Euler's method is accurate for the problem at hand given that the two time scales operating here, namely that of the mouth cross-section area [A c (t)] and that of shape drag, are of the same order of magnitude, i.e. 10 0 -10 1 s (Potvin et al., 2009) . As a further check, several simulations were performed at a shorter time increment (dt0.001s) in addition to the increment of dt0.01s used for all simulations, and were verified to yield identical results.
The BLFM incorporates a large number of input parameters corresponding to the dimensions of the body, namely L body , L 0 , w head , L jaw , M c and A body ( Table 2 and Table A1 ). Other parameters used here included the density of seawater ( w 1025kgm -3 ), maximum gape angle ( out gape 80deg1.39rad), and initial speed of engulfed water [V w (0)0]. Most importantly, initial speeds of 3.1, 3.68 and 4.10ms -1 were considered to gauge the variability with regards to the sensitivity of the results to initial speed. The values of the parameters related to the forces of relevance were listed in the previous section.
Simple veracity check
We checked the veracity of our simulations using the following simple but correct energy relationships . Along straight-line trajectories, horizontal or angled, over which F ext and T are negligible, a whale's drag energy losses (DQ drag ) during engulfment can be assessed via the integral over travel distance for the equation of motion (Eqn A1), namely: Again, the engulfment time t engulf is computed from Eqn A8. The derivation of the mean rate of energy loss [P drag (t)] follows a similar reasoning and from the fact that P drag (t) is the time derivative of Q drag (t). Averaging P drag (t) over the duration of engulfment yields exactly:
Given the dependence of DQ drag and P drag on the speed V c (t engulf ) at the end of engulfment (and prior to purging the engulfed water mass past the baleen), this veracity check requires knowing (or approximating) the scaling of V c (t engulf ) as well. This is done from the fact that the speed decrement over engulfment time is (exactly) equal to the time-averaged deceleration:
V c (0) − V c (t engulf ) = a c t engulf ). Using Eqns A14 and A16 yields the following energy losses due to drag, in the case of a 25m whale moving at V c (0)3.68ms -1 at the beginning of engulfment: DQ drag 365,373J (22m whale), 575,415J (25m) and 730,561J (27m) . These values compare well with the simulation values discussed in the text. The mass-specific rate of energy loss (at the same initial speed) comes from Eqns A15 and A16: P drag /M c 1.12Wkg
-1 (22m whale), 0.95Wkg -1 (25m) and 0.88Wkg -1 (27m), which again match those of the simulations.
APPENDIX 2. EXAMPLE ENERGY BUDGET FOR LUNGE-FEEDING EFFICIENCY DURING FORAGING DIVES
We estimated the energetic efficiency of blue whale foraging dives by accounting for the energy obtained from ingested prey and the energy expended during diving and lunge feeding (Fig. A1 ). The energy input accounted for assimilation efficiency and variation in krill density (Table 3 ). The energy expenditures included the mechanical energy required to lunge (Appendix 1), the combined efficiency of converting metabolic energy into mechanical energy (0.15) and AMR during diving and post-dive recovery time. 
LIST OF ABBREVIATIONS
